The water-accumulating leaves of crassulacean acid metabolism plants belonging to fi ve different families were investigated for the presence of biominerals by infrared spectroscopic and microscopic analyses. Spectroscopic results revealed that the mineral present in succulent species of Agavaceae, Aizoaceae, and Asphodelaceae was calcium oxalate monohydrate (whewellite, CaC 2 O 4 · H 2 O). Crystals were predominantly found as raphides or solitary crystals of various morphologies. However, representative Crassulaceae members and a succulent species of Asteraceae did not show the presence of biominerals. Overall, these results suggest no correlation between calcium oxalate generation and crassulacean acid metabolism in succulent plants.
Introduction
The succulent photosynthetic stem parenchyma of Cactaceae family members contains abundant calcium oxalate crystals. Whereas Opuntioideae (pad-like cacti) and Pereskioideae (ancestral cacti) species preferentially deposit calcium oxalate monohydrate (CaC 2 O 4 · H 2 O, whewellite), Cereoideae species (columnar cacti) show predominance of calcium oxalate dihydrate (CaC 2 O 4 · 2H 2 O, weddellite). In Cactaceae, crystals of calcium oxalate are found as druses, i.e. multi-crystal agglomerates with an overall spherical shape, regardless their chemical composition (Monje and Baran, 2002) . Interestingly, the biomineralization of calcium oxalate in Cactaceae shows some exclusive features: 1) the content of calcium oxalate in photosynthetic tissues can reach up to 80 -90% of the plants' dry weight; 2) most Cereoideae members show large diameter druses of highly pure and stable weddellite, a thermodynamically metastable form of calcium oxalate which is rarely found in living organisms under the form of a druse because it easily converts into whewellite; and 3) some species of cacti have shown co-existence of whewellite and weddellite in a single organism (Baran and Monje, 2008; Hartl et al., 2007; Malainine et al., 2003) .
With the exception of some Pereskioideae species, all Cactaceae members are succulents, a diverse group of plants that store water in their leaves, stems and/or roots as an adaptive trait to arid soils, high temperature, and prolonged water defi cit. Most succulent plants also display other water-saving features that include: 1) a reduced outer surface that confers the plants a typical columnar or spherical shape; 2) reduced or absent leaves and a stem adapted to perform photosynthesis; 3) a waxy, hairy or multi-layered epidermis with a reduced number of stomata, which are closed during the day and open during the night; 4) a type of photosynthesis known as crassulacean acid metabolism (CAM), which allows the fi xation of carbon dioxide during the night thereby minimizing the loss of water through the open stomata (Bowyer and Leegwood, 1997) . The relationship between CAM and calcium oxalate formation is at present unclear.
In this study, we investigated the presence of bio minerals in CAM species not related to Cactaceae. Abundant crystals with different morphologies were isolated from the succulent photosynthetic tissues of all analysed succulent species of Agavaceae, Aizoaceae, and Asphodelaceae. Contrary to Cactaceae, the isolated crystalline material was predominantly found in the form of raphiCharacterization of Calcium Oxalate Biominerals in Some (Non-Cactaceae) Succulent Plant Species des, i.e. bundles of elongated needle-like crystals, and the spectroscopic analysis revealed that the biomineral present was always whewellite.
Material and Methods

Plant material
The succulent leaves of a number of representative CAM species were harvested from healthy and well-hydrated specimens growing under normal greenhouse conditions, regardless of the season and other environmental conditions. The plant material was kindly provided by the South Florida Cactus and Succulent Society (Miami, FL, USA).
Crystal isolation and purifi cation
The crystalline material was isolated from fresh plant tissues following a previously described method (Monje and Baran, 2009) . Briefl y, the plant tissue was cut into thin slices using a razor blade and immersed in 6% sodium hypochlorite solution for 48 h. The digested tissue sections were disrupted mechanically and fi ltered through sterile gauze. The fi ltered extract was allowed to decant for at least 30 min in a test tube or collected by low-speed centrifugation (1,000 rpm, 10 min). The resulting pellet containing crystalline products was suspended in absolute ethanol, and the crystals were collected by inspection through a stereomicroscope. Crystals were repeatedly rinsed with ethanol until tissue debris was no longer evident. This procedure rendered crystalline samples consisting mainly of intact raphides and various quantities of solitary crystals of different morphologies, i.e. styloids and prismatic crystals.
Infrared spectroscopy
Purifi ed samples were dried under a nitrogen fl ow before spectroscopic analysis. The IR spectra were obtained by means of a Bruker IFS 66 spectrophotometer in the spectral range between 4000 and 400 cm -1 using the KBr pellet technique (4 mg of the powdered sample dispersed in 100 mg of KBr). The samples were determined as whewellite, by comparison with results from previous studies Baran, 2002, 2009 ).
Phase contrast microscopy
For microscopic observations, freshly isolated crystals were suspended in water and mounted on glass slides for phase contrast microscopy on an Olympus IX-70 inverted microscope, using 10 -40× dry objectives. Black and white digital pictures were processed and arranged for presentation using Adobe Photoshop 7.0 and Adobe Illustrator CS3.
Results and Discussion
In this study, we performed an infrared spectroscopic and microscopic analysis of the biomin- erals present in the leaves of water-accumulating species of Agavaceae, Aizoaceae, Asphodelaceae, Crassulaceae, and Asteraceae (formerly named as Compositae). Infrared spectroscopy is a powerful tool for the investigation of the chemical composition of plant material (Baran, 2005) and we have used this methodology successfully in earlier investigations of plant biominerals, including calcium oxalates (e.g. Baran, 2002, 2009; Baran and Rolleri, 2009 ), magnesium oxalates (Monje and Baran, 2005) and silicon dioxide (e.g. Monje and Baran, 2000) .
The results from the present study are summarized in Table I . Fig. 1 shows representative crystal shapes found in the isolated material of some of the investigated plants. Two important aspects emerge from the combined spectroscopic and microscopic analyses of this crystalline material: 1) all analyzed species of Agavaceae, Aizoaceae, and Asphodelaceae showed the presence of considerable quantities of whewellite, whereas no traces of weddellite or other biominerals (e.g. silicon dioxide) were detected; and 2) whewellite was found mainly in the form of raphides, whereas styloids and/or single prismatic crystals were present to a much lesser extent in all crystal-forming species. No druses were observed. Importantly, spectroscopic analyses did not reveal the presence of crystalline material in the leaves of three selected species of Crassulaceae and a succulent species of Asteraceae. The absence of crystals in these species was confi rmed by microscopic observations of live tissue sections.
Despite the widespread occurrence of calcium oxalates in the plant kingdom, limited information has been given on the presence of calcium oxalates in succulent species displaying CAM, with the exception of Cactaceae (Rivera and Smith, 1979; Monje and Baran, 2002; Hartl et al., 2007; Baran and Monje, 2008) . The results from the present study indicate that calcium oxalates are also abundant in the succulent tissues of Agavaceae, Asphodelaceae, and Aizoaceae species. Consistent with our fi ndings, two species of Agave, A. tequilana and A. americana, and an undetermined species of Aloe were shown to deposit raphides of calcium oxalate (Wattendorf, 1976; Ishii, 1992; Tadokoro et al., 2005) . The presence of abundant needle-like crystals in the leaves of A. tequilana was linked to the effects of this plant, irritant contact dermatitis, in workers of Agave plantations and tequila distilleries (Salinas et al., 2001) . In addition, raphide crystals were shown to be a conserved feature of the leaf epidermis of succulent Conophytum species (Aizoaceae); however, the chemical composition of these crystals was not determined. The presence of raphides was also described in the halophyte Mesembryan- themum crystallinum (Aizoaceae), a plant model for the study of CAM (Jou et al., 2007) .
Interestingly, all crystal-forming species analyzed in this study formed whewellite as either raphides or single elongated crystals, which clearly contrast with the presence of druses of whewellite in Cactaceae. Indeed, the occurrence of raphides and other needle-like crystal morphologies is rare in this plant family (Hartl et al., 2007) . The observed diversity of crystal morphologies for a single biomineral is in agreement with the longstanding observation that whewellite may display a wide variety of crystal shapes, depending on the species and the location in the plant body (Webb, 1999) .
In spite of the abundance of calcium oxalates in some xerophytic angiosperma, not all CAM species analyzed in this study showed the presence of calcium oxalates, including members of the Crassulaceae family. Indeed, the presence of calcium oxalates in Crassulaceae seems to be rare and, to the best of our knowledge, crystals of this biomineral have not been chemically characterized in members of this plant family. Although the connection between calcium oxalate biomineralization and water stress adaptation, including CAM, remains obscure, it becomes now evident that calcium oxalate generation may not represent a simple end product of CAM in the photosynthetic tissues of water-accumulating plants. Overall, our results suggest that calcium oxalate precipitation in Cactaceae may not be related to the acquisition of a succulent or CAM physiotype in this plant family.
